Both phasic and tonic modes of neurotransmission are implicated in critical functions assigned to dopamine. In learning, for example, sub-second phasic responses of ventral tegmental area (VTA) dopamine neurons to salient events serve as teaching signals, but learning is also interrupted by dopamine antagonists administered minutes after training. Our findings bridge the multiple timescales of dopamine neurotransmission by demonstrating that burst stimulation of VTA dopamine neurons produces a prolonged post-burst increase (> 20 min) of extracellular dopamine in nucleus accumbens and prefrontal cortex. This elevation is not due to spillover from the stimulation surge but depends on impulse flow-mediated dopamine release. We identified Rho-mediated internalization of dopamine transporter as a mechanism responsible for prolonged availability of actively released dopamine. These results demonstrate that phasic and tonic dopamine neurotransmission can be a continuum and may explain why both modes of signaling are critical for motivational and cognitive functions associated with dopamine.
Introduction
Dopamine neurons project extensively to striatal and cortical regions where they mediate a diverse array of functions, including reward-related learning, drug-related synaptic plasticity, working memory and motivation [1] [2] [3] [4] [5] [6] . Dopamine neurons respond with brief and phasic bursts of action potentials to salient events, such as reward-predictive stimuli and unexpected reward delivery 7, 8 , and these bursts cause phasic dopamine release in terminal regions, including the prefrontal cortex (PFC) and the nucleus accumbens (NAc) [9] [10] [11] [12] . Influential theories suggest these phasic responses serve as teaching signals in reinforcement learning 7, 13, 14 and/or motivational signals that mediate cue-triggered seeking of rewards 1, 4 .
While fast-scan cyclic voltammetry (FSCV) studies have characterized rapid and transient increases in extracellular dopamine concentration, consistent with phasic bursting of dopamine neurons, in response to salient events in a behavioral task [15] [16] [17] [18] , microdialysis studies have demonstrated sustained increases in cortical and striatal extracellular dopamine that persist for many minutes (even up to an hour) after the completion of appetitive learning, instrumental behavior and other cognitive tasks [19] [20] [21] [22] [23] . The prolonged post-session dopamine increase occurs despite the fact that animals are no longer receiving rewards and/or being presented with salient stimuli. Importantly, dopamine antagonists administered either systemically or directly into PFC and striatum minutes after behavioral training can disrupt memory consolidation, demonstrating the necessity of post-training dopamine signaling [24] [25] [26] . This slower mode of dopamine signaling has been attributed to the so-called "tonic" dopamine release, which is hypothesized to be mediated by mechanisms that are entirely distinct from those that drive phasic activity of dopamine neurons and release [27] [28] [29] . But given that learning and most behavioral functions assigned to dopamine depend on both fast and slow modes of neurotransmission, we hypothesized that these phasic and tonic dopamine states might instead comprise a continuum of the same activation process in an awake and active animal. In that case, phasic activation of dopamine neurons could trigger secondary events that enhance the slow (tonic) activation of dopamine levels. Thus, we designed experiments to determine whether bursting of dopamine neurons results in post-burst sustained elevation of extracellular levels of dopamine in terminal regions and, if so, what mechanisms sustain this elevation.
Dopamine's effects on reward-related learning, motivation and cognitive constructs such as attention and working memory are primarily mediated by dopamine neurons in ventral tegmental area (VTA) and their projections to the NAc and PFC 2, 6, [30] [31] [32] . Thus, we assessed extracellular dopamine levels in these two terminal regions before and after activation of VTA neurons. We found that electrical and optogenetic stimulation of VTA neurons, using patterns of activation that resemble the phasic bursting activity of dopamine neurons during reward-guided behavioral tasks, results in increased extracellular levels of dopamine in the NAc and PFC that persist for many minutes after stimulation is terminated. This sustained post-stimulus elevation of dopamine is blocked by tetrodotoxin (TTX), suggesting that it is not due to dopamine spillover from the initial stimulation; rather, it results from reduced dopamine transporter (DAT)-mediated clearance of dopamine released spontaneously during the post-stimulation period.
Results

Electrical stimulation of VTA produces sustained dopamine release in NAc and PFC
Microdialysis was used to measure the extracellular concentration of dopamine ([DA] o ) in NAc and medial prefrontal cortex (mPFC) of freely moving rats during the active phase of their sleepwake cycle in a home-cage environment. Microdialysis has a limit of detection in the femtomolar range 33 , which is 2-3 orders of magnitude better than the detection limit of FSCV 34 . The improved limit of detection afforded by microdialysis permits measurement of resting baseline
[DA] o in behaving animals, including in regions with sparse dopamine innervation such as PFC 20 . We were, therefore, able to detect resting [DA] o in NAc and mPFC before stimulation of VTA neurons and follow [DA] o until its return to a stable pre-stimulation level.
VTA was electrically stimulated after stable [DA] o was measured in NAc and mPFC. The electrical stimulation protocol (1 ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms) mimicked the bursting firing pattern observed in VTA dopamine neurons when rats are engaged in relevant behaviors. For example, in response to reward during a reward-guided operant task, VTA dopamine neurons (identified based on response to apomorphine) fire on average 1.1 bursts per second (interburst interval =~ 900 ms) with a typical intraburst frequency of ~30 Hz, but they can fire as fast as 100 Hz and higher 35 . Hence, our protocol utilized interburst and intraburst frequencies that are within the range of reported frequencies. Furthermore, a similar 100 Hz stimulation protocol has been shown to evoke phasic (measured with FSCV) dopamine release in PFC with similar temporal dynamics and greater maximum dopamine concentration compared to a 20 Hz stimulation protocol 12 , suggesting that the 100 Hz stimulation protocol is physiologically relevant. The stimulation duration was 5 to 20 min to model the typical duration of reward-driven behavioral paradigms 20, 22 . We found that electrical stimulation of VTA increased [DA] o in NAc and mPFC, and these elevations were sustained from several minutes to more than an hour post stimulation ( Fig. 1, 2, and Supplementary Fig. 1, 2) . A second stimulation given 140 min later produced a similar pattern of [DA] o increase ( Fig. 1, 2 ), suggesting that the initial stimulation had not provoked a pathological condition, such as sustained depolarization block of dopamine neurons 36 . In addition, the magnitude and duration of dopamine response in both regions were similar to previously reported microdialysis measures in animals performing a reward-guided reversal learning task 20 . These observations indicate that the pattern of stimulation used here is relevant to dopamine cell firing and dopamine release during reward-directed learning and cognitive behaviors. For subsequent studies, we focused on characterizing the impact of 20 min VTA stimulation on [DA] o .
Optogenetic stimulation of VTA dopamine neurons produces sustained dopamine release in NAc
In addition to dopamine neurons, VTA contains a significant portion of GABA neurons 37 , which could have been activated by VTA electrical stimulation. While it is unlikely that co-activation of GABA neurons in the VTA produces terminal release of dopamine, we nonetheless compared dopamine responses in NAc during and after electrical stimulation of VTA neurons to dopamine responses in NAc during and after selective optogenetic stimulation of VTA dopamine neurons in a tyrosine hydroxylase (Th)::Cre rat line 38 . Using recombinant adeno-associated viral vectors, we expressed Cre-inducible channelrhodopsin-2 (ChR2) proteins in VTA of Th::Cre rats. To stimulate VTA dopamine neurons, we delivered blue laser (~473 nm) into VTA using one of two protocols: a) 1 ms pulses delivered at 100 Hz for 200 ms, with an interburst interval of 500 ms, for 20 min (identical to the electrical stimulation protocol) or b) 5 ms pulses delivered at 20 Hz for 5 s, with an interburst interval of 10 s, for 20 min. Similar to electrical stimulation of VTA, optogenetic stimulation of VTA dopamine neurons elicited prolonged increases in [DA] o in NAc that persisted, on average, for 20 min after the cessation of stimulation ( Fig. 3 and Supplementary Fig. 3 ).
Post-stimulation sustained [DA] o increase in NAc and PFC depends on active release
Next, we assessed whether the observed sustained elevation of post-stimulation [DA] o in mPFC and NAc resulted from continued active release of dopamine or simply reflected remaining dopamine that was "leftover" after the large burst-induced release. Previous studies have shown that stimulation of dopamine neurons in a burst pattern produces greater release of dopamine than tonic stimulation, even when the number of impulses per second and the total number of impulses are held constant 39, 40 . Thus, burst firing of dopamine neurons can simply produce a large surge of [DA] o that clears away slowly. We found that blockade of voltage gated sodium channels via local application of TTX to either NAc or mPFC immediately after VTA stimulation drastically reduced [DA] o ( Fig. 4 and Supplementary Fig. 4 ). In fact, [DA] 
Blockade of cannabinoid and nicotinic receptor activity does not impact post-stimulation increase in NAc [DA] o
The outcome of the TTX experiment suggested that the burst-induced increase in [DA] o triggers secondary events that enhance active exocytotic dopamine release and/or reduce the clearance of dopamine actively released in the post-stimulation period. In the striatum, several secondary mechanisms that locally regulate release of dopamine have been identified 41, 42 . For example, an increase in synaptic dopamine release and subsequent dopamine receptor stimulation mobilizes the release of endocannabinoids 43 that could activate type-1 cannabinoid receptors (CB1Rs) on GABA or other neurons that may modulate dopamine release 41 . We found that inhibition of CB1R activity via systemic injection of rimonabant did not change spontaneous dopamine levels or the pattern of stimulation-induced increase in [DA] o in NAc ( Supplementary   Fig. 5 ).
Another potential mechanism is secondary activation of cholinergic neurons and subsequent stimulation of presynaptic nicotinic acetylcholine receptors (nAChRs) on dopamine axons, evoking dopamine release that is independent of dopamine somal activity 44, 45 . To test this, the effect of local inhibition of nAChRs by mecamylamine on NAc [DA] o was examined. The results ( Supplementary Fig. 6a ,b) of the experiment did not provide support for this mechanism.
Mecamylamine treatment in combination with VTA stimulation also elicited a large variability in post-stimulation samples, which could be due to the impact of mecamylamine treatment on basal [DA] o ( Supplementary Fig. 6c,d ).
Sustained increase in [DA] o post-stimulation results from reduced DAT-mediated clearance of dopamine
Next, we considered mechanisms that are involved in the clearance of dopamine from the extracellular space. Previously, it has been shown that amphetamine, which acts as a substrate of DAT and causes a large surge of extracellular dopamine, induces transient internalization of DATs 46 . Although microscopy studies have not been able to confirm this internalization 47 , other recent work indicates that the process is mediated, in part, by activation of Rho-GTPases, since selective inhibition of Rho or stimulation of protein kinase A (PKA)-coupled receptors such as D1/5 dopamine receptors prevents amphetamine-induced DAT internalization 48 . We hypothesized that a surge in synaptic dopamine release caused by burst activation of cell bodies also results in DAT internalization. Such a mechanism would then lead to an increase in [DA] o even after cessation of burst activation of dopamine neurons by reducing the rate of clearance of newly released dopamine. We found that dopamine at a high concentration (10 μ M) decreased cell surface expression of DATs in rat midbrain slices (Fig. 5a ). The same concentration of dopamine increased the amount of activated Rho GTPase in midbrain slices ( Fig. 5b ). We then tested the effects of inactivating Rho on dopamine-mediated DAT internalization. To inactivate Rho, we stimulated D1/5 receptors in midbrain slices with SKF 38393. D1/5 receptors are G-protein coupled receptors (GPCRs) present on dopamine neurons, and stimulation of these GPCRs increases adenylyl cyclase activity and cyclic adenosine monophosphate production, which activates PKA 49 . Activated PKA phosphorylates and thus inactivates Rho 50 . We found that SKF 38393 blocked dopamine's effects on Rho-activation and DAT internalization ( Fig. 5a,b ).
To establish the relevance of a Rho-mediated DAT internalization mechanism in freely moving animals, we injected rats with SKF 38393 (3 mg/kg, i.p.) prior to VTA electrical stimulation. This treatment prevented any VTA stimulation-induced increase in [DA] o in NAc ( Fig. 6a ). As this effect could result from the activation of D1/5 receptors elsewhere in the brain upon systemic injection of SKF 38393, we conducted a separate experiment where we infused SKF 38393 in NAc to assess the effect of local D1/5 receptor blockade on VTA stimulation-elicited increase in NAc [DA] o . We found that local SKF 38393 infusion also attenuated sustained increases in dopamine levels in post stimulation samples ( Fig. 6b ). Hence, our data suggest that blockade of DAT internalization by SKF 38393 interrupts a sustained post-stimulation increase in [DA] o . We found that SKF38393 treatment alone (i.p. and local infusion in NAc) also decreased [DA] o in NAc ( Supplementary Fig. 7 ). However, there was no difference in [DA] Further, these results indicate that SKF 38393 might reduce DAT internalization in both baseline and stimulation conditions in freely moving animals.
Discussion
We found that phasic burst activity of VTA dopamine neurons in awake rats in a home-cage environment is followed by a sustained post-burst elevation of [DA] o in both NAc and PFC terminal regions that persisted for at least 20 min. This increase is not due to dopamine spillover from the initial stimulation but depends on continued active release of dopamine in terminal regions. We identified Rho-mediated internalization of DATs as a potential mechanism responsible for increased post-burst availability of actively released dopamine, based on 
Sustained post-burst increase in [DA] o is consistent with behavioral evidence and volume transmission
The sustained increase in [DA] o after periods of burst activity is functionally significant, because dopamine perisynaptic architecture in cortical and striatal regions is well suited to accommodate a slow and spatially distributed signal via volume transmission 41, 51 . A considerable density of dopamine receptors, both in the PFC and striatum, is localized extrasynaptically [52] [53] [54] , and more than half of dopamine release sites in the striatum are reported to lack post-synaptic specializations 55 . Hence, dopamine that slowly accumulates in the extracellular space on the order of minutes to hours could modulate the activity of many pre-and post-synaptic sites within a large area in the striatum and the PFC via volume transmission 27 . This sustained and diffuse dopamine signal might maintain and stabilize/consolidate networks activated during learning and working memory 56 . In addition, persistent dopamine signaling could lower the threshold for long term potentiation in all synapses for a certain period of time, allowing for adaptive modulation of memory encoding 57 .
The mechanisms identified here might be especially critical for explaining dopamine's role in memory consolidation during reinforcement-guided learning. Previous microdialysis studies in animals performing reward-driven learning or working memory tasks have demonstrated that
[DA] o in PFC and striatal regions remains elevated for many minutes after completion of the training phase [19] [20] [21] . In fact, the duration and magnitude of the post-training increase in [DA] o in these studies were similar to what we observed in the present study after electrical or optogenetic burst stimulation of dopamine neurons. The importance of this post-training dopamine signaling has been recognized [24] [25] [26] 58 , but the underlying mechanisms are unknown.
Dopamine neurons fire phasically in response to salient stimuli during a behavioral task, but these phasic increases in activity return to baseline levels after hundreds of milliseconds 7 Prolonged dopamine responses have also been implicated in sustained motivation 4,63-66 . For example, sustained increases in extracellular dopamine that continue after the end of behavior are observed in the striatum when rats lever press for food or lick a spout for sucrose solution, and these prolonged dopamine elevations are modulated by shifts in motivational state 23, 66, 67 .
Furthermore, a computational model has indicated that a slow increase in striatal dopamine levels that might carry an averaged reward signal during a behavioral task predicts motivational state 68 . Hence, sustained increases in [DA] o , as observed in the current study, might be critical for plasticity mechanisms that include memory consolidation and adaptive learning as well as persistent functions such as working memory and motivation.
Proposed mechanism of sustained dopamine release following burst activation
While phasic and sustained (or tonic) modes of dopamine neurotransmission are often hypothesized to be driven by distinct mechanisms and to affect different postsynaptic processes and behaviors [27] [28] [29] 69 , the present findings suggest that, in awake and active animals, these two modes of signaling may be complementary ( Fig. 7 ). Ongoing activity of dopamine neurons in awake animals maintains impulse flow-dependent resting extracellular levels of dopamine in terminal regions such as the PFC and NAc (Fig.7a) 70 74 . DAT internalization has important consequences for the period following burst stimulation, which would be analogous to the immediate post-task period in learning and cognitive tasks. In the post-task period, dopamine neurons return to their spontaneously firing activation level, which generates a low level of synaptic dopamine. However, as a result of DAT internalization, dopamine is cleared at a much slower rate, leading to a sustained accumulation of dopamine in the extracellular space ( Fig. 7c ).
Role of D1/5 receptor activation in dopamine-induced DAT internalization
Here reported by previous studies as well 76, 77 .
Effects of DAT independent mechanisms on [DA] o
It should be underscored that the DAT-mediated clearance mechanism we have identified here may be only one of the mechanisms that contribute to the sustained post-stimulation activation of [DA] o . Additional mechanisms may include activation of feedback loops, such as activation of NAc medium spiny neurons that inhibit GABA neurons in VTA, resulting in the disinhibition of VTA dopamine neurons 78 , and/or local signaling via non-dopamine receptors, including glutamate, GABA and nicotinic acetylcholine receptors 41, 42, 44, 45 . Although we examined the roles of CB1R activation and nAChR stimulation in regulating burst-induced activation of dopamine release and found no significant effects, we do not discount the potential involvement of other mechanisms in influencing post-burst dopamine accumulation.
Concluding remarks
The present findings indicate that a critical function of burst activity of dopamine neurons may be to produce a persistent elevation of extracellular dopamine levels via an intracellular mechanism that promotes DAT internalization. The prolonged post-stimulation increase in dopamine levels may be essential for consolidation of memories during associative learning, maintenance of active networks in working memory, and sustenance of motivational states.
Hence, identification of a mechanism that supports this sustained increase in extracellular dopamine has important implications for understanding learning and memory processes in the brain and also may provide insight into dysfunction of dopamine systems in disorders such as addiction and schizophrenia. 
Experimental Procedures
Animals
Microdialysis Procedures
All microdialysis experiments were conducted in freely moving animals. After surgery, animals were allowed to recover for at least 24 hours prior to the collection of the dialysate samples. For animals implanted with chronic guide cannulae, animals were allowed to recover for at least one 
Stimulation Parameters
In electrical stimulation experiments, the implanted bipolar electrode was connected to a stimulator (Grass Technologies). VTA was then stimulated using parameters that mimic burst 
Histology and Immunohistochemistry
Animals were anesthetized with chloral hydrate (400 mg/kg) and transcardially perfused with 0.9% saline and either 8% buffered formalin or 4% paraformaldehyde (PFA). Placements of microdialysis probes, stimulating electrodes and optical fibers were verified by staining coronal brain slices with cresyl-violet. Data from animals with incorrect placements are not included in this report.
To verify the expression of ChR2-eYFP in dopamine neurons, brains were fixed in 4% PFA overnight at 4°C and then transferred to a 20% sucrose solution for cryoprotection. Brains were frozen and sectioned at 35 µm. VTA coronal slices were then treated with 1% sodium borohydride in 0.1 M sodium phosphate buffer, rinsed with the buffer, and incubated in primary and secondary antibody solutions that contained 10% Triton-X and normal donkey serum dissolved in phosphate buffer. Dopamine cell bodies were labeled with mouse anti-tyrosine hydroxylase antibody (1:2000; EMD Millipore, #MAB318) followed by Cy3-tagged donkey antimouse antibody (1:500; Jackson ImmunoResearch). EYFP positive cells were identified using chicken anti-EGFP antibody (1:1000; Abcam, # ab13970) followed by Alexa Fluor 488-tagged donkey anti-chicken secondary antibody (1:500, Jackson ImmunoResearch). Expression of ChR2-eYFP in VTA dopamine neurons was confirmed by using a fluorescence microscope.
Biochemistry of Acute Brain Slices
One mm midbrain slices were made from adult male Long Evans rats and maintained in artificial coli and bound to glutathione-sepharose beads 80, 81 . Activated Rho proteins were captured in 0 the tissue lysate by incubation with the GST-RBP beads overnight at 4ºC. Active and bound
Rho was eluted and analyzed by western blot. For both biotinylation and Rho activation assays, samples taken before purification were used to assess equal protein loading. All data were quantified with Image J.
Data Analysis
In microdialysis experiments, dopamine concentration (fmol/μL) for each sample was expressed as a percentage of average baseline dopamine concentration. Two or three samples immediately before a treatment were considered to be baseline samples. If % baseline values fluctuated excessively within the same session, data from those sessions were not included.
All statistical analyses were conducted on % baseline values. The effect of a treatment (stimulation, drug alone or drug + stimulation) on PFC and NAc dopamine levels was assessed using a repeated measures ANOVA with sample bin as the within-subjects factor, and post hoc analyses were done with protected Fisher's LSD tests to compare each sample bin with baseline. Two way repeated measures ANOVAs with sample bin as the within-subjects factor and treatment condition as the between subjects factor were also conducted to examine the difference between stimulation alone and stimulation + drug conditions. Before analyzing TTX + stimulation data from NAc only, data were log transformed (Y=log10(X+1)) because of robust violations of normality in multiple samples (based on Shapiro-Wilk test and examination of Q-Q plots). For comparison, stimulation only data from NAc were also reanalyzed after applying log transformations. To assess the difference between drug alone and stimulation + drug conditions, independent t-tests were utilized on a small subset of samples. The biochemistry
data were analyzed using two way repeated measures ANOVAs followed by post-hoc t-tests. Fig.1b ). Stim only and stim +TTX data were analyzed after applying log transformations (see Methods). Electrical stimulation of VTA alone produced sustained increases in [DA] o (results after data transformation were identical to the results in Fig. 1b ; one way repeated measures ANOVA: F(9,81) = 5.93, p = 0.00; post-hoc tests against baseline: sample 4 (p = 0.01), sample 5 (p = 0.01), sample 6 (p = 0.00), sample 7 (p = 0.01), and sample 8 (p = 0.04)). TTX treatment modulated stimulation-induced increases in [DA] o in NAc (one way repeated measures ANOVA, F(9, 54) = 24.46, p = 0.00). Post hoc comparisons against baseline (sample 3) indicated that VTA stimulation before TTX infusion in NAc significantly increased NAc [DA] o in sample 4 (p = 0.04). Following TTX treatment, [DA] o decreased below baseline in sample 5 (p = 0.02), sample 6 (p = 0.01), sample 7 (p = 0.00), sample 8 (p = 0.00), sample 9 (p = 0.00) and sample 10 (p = 0.00). A two-way repeated measures ANOVA further demonstrated a significant interaction between sample bin and condition (stim + TTX and stim only) [F(9, 135) = 33.77, p = 0.00]. , p = 0.01, dopamine X SKF 38393 interaction, n = 3 slices for all groups]. Post hoc comparisons against control slices treated with vehicle revealed that membrane-localized DAT was significantly decreased in response to dopamine (p = 0.04), but this effect was blocked by SKF38393 (p = 2.01). SKF38393 treatment alone did not significantly increase dopamine levels but resulted in a non-significant trend towards a decrease in membrane-localized DAT (p = 0.06). (b) Tissue lysates were then assessed for activated Rho. A two-way ANOVA revealed a significant interaction between dopamine and SKF 38393 treatments [F(1, 12) = 10.00, p = 0.01] (n = 4 slices all groups). Post hoc comparisons against control slices treated with vehicle indicated that dopamine increased the amount of activated Rho GTPase in midbrain slices (p = 0.01), and this effect was blocked by SKF38393 (p = 0.75). SKF 38393 alone did not alter the amount of activated Rho-GTPase (p = 0.12). Data are represented as mean ± SEM. * p ≤ 0.05. p = 0.05), sample 4 (p = 0.03), and sample 5 (p = 0.05). Electrical stimulation of VTA in combination with SKF 38393 treatment also resulted in a significant modulation of NAc [DA] o (one way repeated measures ANOVA, F(6,24) = 6.29, p = 0.00). Post hoc comparisons against baseline (sample 2) demonstrated that even in the presence of SKF 38393 in NAc, electrical stimulation of VTA produced a significant elevation in NAc [DA] o in stimulation sample 3 (p = 0.04) and resulted in a trend towards a significant [DA] o increase in post-stimulation sample 4 (p = 0.08). However, SKF 38393 treatment prevented a sustained stimulation-induced [DA] o increase in sample 5 (p = 0.58) and resulted in a trend towards a decrease in [DA] o below baseline in sample 6 (p = 0.06). * and # indicate p ≤ 0.05 for comparisons against baseline within stim only and stim + SKF 38393 conditions respectively. Further, a two way repeated measures ANOVA confirmed that the local blockade of D1/5 receptors in NAc by SKF38393 changed the pattern of [DA] o increase elicited by electrical stimulation of VTA (sample X condition: F(6, 48) = 4.23, p = 0.00). Data are represented as mean ± SEM. (See also Supplementary Fig. 7,8 ) 
